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Abstract
I have studied the electronic structure of thin films by photoelectron 
spectroscopy. My results show that even a monolayer film of Ni/Cu(001) 
exhibits bulk-like electronic structure and resembles that of bulk Ni. In order 
to better understand this result, I tracked the sp-band dimension at the Fermi 
surface of the Ni films for various coverages. For submonolayer coverages of 
Ni, the sp-band dimension was smaller than that of bulk Cu, but quickly 
reached that o f bulk Ni by 1.2 ML Ni coverage. This continuous decrease 
implies a charge transfer from the Cu substrate to the Ni film, resulting in a 
decrease in the filling of the Cu sp-band. This transfer of electronic charge 
could provide a mechanism for hybridization at the Cu/Ni interface and result 
in a larger penetration of the film electronic states into the substrate.
To quantify the charge transfer, the reverse system of Cu/Ni(001) was 
studied. Again the sp-band dimension for 45 eV photons was studied as a
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
function of Cu thickness. The change in the sp-band dimension was related to 
reduced filling in the sp-band of bulk Cu. This corresponded to a reduction of 
~0.S eV in the band-filling of bulk Cu. From the integrated density of states, 
this was identified to be a charge depletion of ~0.12 electrons/atom for the 
monolayer film. This shift was observed in core level spectra across the 3p 
levels, corroborating the assumption.
XI
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Chapter 1
Introduction
Magnetism has been a subject of concerted study since the 
development of the quantum theory. In spite of this effort over the last few 
decades, there is, as yet, no complete theory that can naturally predict a 
ferromagnetic ground state. The best theories still contain a  certain degree of 
ad hoc-ncss in them. Still, it stands out as being an area of physics that has 
been at the forefront of technological developments through much of the latter 
half of this century. The applications abound; in fact life today is 
unimaginable without magnetism.
The mid-eighties saw breakthroughs in thin film technologies. This has 
opened up a whole new field of thin film magnetism. These consist of a wide
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
range of systems whose electronic structures and reduced dimensions dictate 
novel and exotic behaviors like magneto-crystalline anisotropy[l], shape 
anisotropy, oscillatory interlayer coupling[2]. Giant Magneto-Resistance 
(GMR)[3], Colossal Magneto-Resistance etc. Within a decade, the discovery 
of phenomena like GMR has resulted in novel applications like GMR sensors 
for read/write heads, spin valve[4] type devices for Magnetic RAM's 
(MRAM’s) and Spin Tunneling RAM's (STRAM's) etc. The study of 
magnetism in thin films, therefore, is one o f the more relevant pursuits in 
today's scientific arena.
1.1 Motivation for this study
The devices used in some of the applications mentioned above have a 
wide range o f designs, from heterostructures to spin valves to multilayers and 
superlattices. The understanding of the phenomena require a detailed study of 
the nature of the interface between the different materials in these structures. 
For example, in spin valve applications, the device performance depends 
crucially on the spin-dependent interface scattering. The origin of this spin- 
dependent scattering is due to two effects: 1) the geometric structure of the 
interface, sharpness and degree of inter-difiiision ( "impurity " scattering) and 2) 
the electronic structure of states at Ep near the interface. These points provide 
the motivation for this work.
Surface science is one area of research that provides many of the tools 
and techitiques that can answer these questions. The next chapter will describe
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
the experimental method and the techniques applied in this thesis. The third 
chapter will talk about the generic nature of the bands of the fee 3d transition 
metals, give results depicting the symmetries of the initial states, and compare 
the electronic states in Cu and Ni. The fourth chapter will present the 
characterization of the thin films. The fifth chapter will be on the electronic 
structures o f thin films and results on Ni/Cu(001) and Cu/Ni(001), followed by 
a discussion. The sixth chapter will be an introduction to spin-polarized band 
structures and preliminary results on Co/Cu(001) and Fe/Cu(001) leading to 
the seventh chapter on future work. The eighth and final chapter will 
summarize the results of this work.
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Chapter 2
The Experimental method
This chapter describes the experimental methods and instrumentation 
employed in this research. The first section is devoted to the phenomenon of 
photoemission and how it is used to map the electronic structure of solids. The 
second section deals with the spectrometer used to perform the measurements 
and a brief description of the synchrotron light source and beamline. The third 
and final section deals with the techniques used to grow the thin films and the 
different characterization tools employed that suggest that our films grow in an 
epitaxial layer-by-layer mode.
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2.1 Photoemission spectroscopy
Photoemission is a tool that gives direct information on energy 
dispersion in solid state systems. It is based on the principle of the 
photoelectric effect, the discovery o f which, earned Albert Einstein the Nobel 
prize for Physics in 1922. It wasn't until 1964 that Berglund and Spicer 
obtained the first angle-integrated spectra from Silver and Copper[5]. Kane, in 
a landmark publication[6], showed that the band structure o f solids could 
indeed be mapped by angle-resolved photoemission. The first angle-resolved 
measurement was done by Gobeli et al. in 1964[7]. But it wasn't until ten 
years later that Smith and co-workers mapped the energy bands in layered 
solids extensively[8]. Since then, rapid developments in vacuum technology 
and the development of light sources and ultrahigh resolution spectrometers 
have helped establish photoemission as one of the most direct ways of 
determining the electronic structure of solid state systems.
Photoemission means photons in, electrons out The sample of interest 
is irradiated with photons of a specific energy (wavelength). The electrons in 
the solid absorb the photons and are emitted fiom the solid, as long as the 
photon energy exceeds the work function of the sample material (typically S 
eV or so). Their kinetic energies depend on how strongly (or weakly) they are 
bound in the solid. This is described by the energy conserving equation:
hv — (j) = — E; + Eoitt (2.1)
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where 'hv' is the incident photon energy, 0 is the work function, E, is the 
energy of the electron in the solid measured relative to the Fermi level, and 
is the kinetic energy o f the photoelectron relative to vacuum. The
photoelectron spectrometer then measures the number o f electrons coming out 
within a narrow window of kinetic energy. It does so by converting the kinetic 
energy of the emitted photoelectrons to a fixed energy called the pass energy. 
This is to ensure that the instrumental resolution does not depend on the 
electron kinetic energy. The window of energy is a measure of the energy 
resolution of the instrument. When convolved with the resolution of the 
incident radiation, the total energy resolution o f  the spectrometer and 
excitation source is obtained. It is important to note that k-space 
broadening[9] of a particular energy level can also affect the overall resolution.
Performing these measurements over a wide range of kinetic energies 
gives a spectrum, i.e. a plot o f photoelectron intensities on the y-axis, and 
kinetic energy of the photoelectrons (or equivalently the binding energy of the 
electrons in the solid by virtue of equation 2.1) on the x-axis. Such a spectrum 
or Energy Distribution Curve (EDC) represents the occupied density of 
electronic states within the solid. The EDC is simply the product of the 
densiQr of states and the Fermi function, coupled with the matrix elements for 
photoexcitation. The primary peaks that are seen in the spectrum arise from 
electron transitions from the various energy levels or bands that the electrons
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occupy. Emission from core levels, which are strongly bound, result in peaks 
with relatively small energy spread as they are mtwe atomic-like, and those 
from shallower levels, are broader due to the solid state effects predominating 
leading to a  band picture for the energy eigenvalues. Qeariy noticeable is that 
the primary peaks "ride" atop a background which seems to increase 
monotonically in magnitude towards higher binding energy. This is the 
secondary electron emission which is due largely to multiply scattered 
electrons which escape the solid. These transitions don't conserve energy 
according to equation 2.1 and do not contribute to the band structure. This will 
be described in a little more detail in the section pertaining m instrumentation.
In order to obtain information beyond just the occupied density of 
states, one has to ask the question: What does the band structure represent and 
what characterizes an electronic state in the solid? The band structure is 
nothing but a plot of the energy eigenvalues of the one electron Hamiltonian 
versus crystal wavevector. The reason for creating this plot is that the crystal 
wavevector k is a good quantum number, i.e. the electronic wavefunctions may 
be written as 'Fnk(r), where n is the band index. The important thing to bear in 
mind is that k is the crystal wavevector and not the electrons wavevector, since 
the electron wavefunctions are not eigenfunctions of the momentum operator 
-ih V. This is a direct consequence of the breaking of translational invariance 
in a crystalline environment due to the crystal field. The crystal momentum 
operator, therefore, is best thought of as the quantum number associated with
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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the lesser symmetry of discrete translational invariance or space group 
symmetry. Henceforth the term 'crystal wavevector’ will be a shorthand for 
'crystal momentum' as they are simply related as p = h k . Also, the prefix 
crystal' will be dropped and the term momentum' will imply 'crystal 
momentum'.
So, in order to use photoemission to map the energy bands in a solid, 
one needs, in addition to the electron's energy, information regarding its 
momentum. This clearly necessitates the use of a single crystalline sample, 
since polycrystalline samples consist of all different orientations of single 
crystallites and will yield momentum averaged spectra. The mapping of the 
energy bands is achieved by simultaneously measuring the photoelectron's 
energy and momentum. Performing such a measurement is called Angle- 
Resolved PhotoElectron Spectroscopy (ARPES). Before beginning a 
description of ARPES, it is useful to digress a little and introduce the three step 
model[10] which is widely used to describe the photoemission process.
2.1.1 The three step model
This simple model was introduced by W. E. Spicer in 1968 to describe 
the photoemission process[IO]. Since then several other models have been 
proposed, but here the discussion will be confined only to this one due to its 
simplicity. The photoemission process is conceptually decomposed as three 
independent and separate steps firom the electron in the initial state within the 
solid to the photoelectron in vacuum. They are:
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
( 1 ) the excitation of the electron with the absorption of a photon,
(2) the transport o f the excited electron to the surface/vacuum interface, 
and
(3) the escape of the electron from the solid.
If N(eQut) dEoo, is the number of photoelectrons detected per unit time by the 
detector in vacuum, then
N (e^  ) = A No(e^ ) L (e^  ) S(e«. ) (2.2)
where A is a constant, NqCEow ) is the electron energy distribution in the solid, 
L(Eout) is the transport coefficient describing the propagation of the 
photoexcited electron to the surface and S(Eoot ) is the threshold function that 
describes its emission into vacuum. The threshold function, S(Eoot ), is a 
smooth function of Eo„t and it does not introduce peaks or "structure" in the 
spectrum. The transport coefficient LfEo,, ) is also a smooth function of, but it 
contributes to the "secondary" spectrum as can be seen shortly.
2.1.2 Angle-resolved photoemission spectroscopy (ARPES)
In addition to the electron's energy, its momentum is also measured in 
ARPES. A typical experimental setup is illustrated in Figure 2.1. The 
photoelectron's momentum, koat> being a  vector, may be resolved into two 
components, koutll and koutL representing the components parallel and








Figure 2.1: Typical experimental geometry for ARPES. The electron emission 
angle ‘6’ is measured firom the sample normal. The projection of the outgoing 
electron’s momentum on to the sample’s surface determines the azimuthal angle
‘<D’-
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Il
perpendicular to the surface. If 0 is the polar angle of the photoelectron's 
trajectory measured with respect to the sample normal, then
^oat II — koat sin0 (2.2)
and
hout-L — kout COS0 (2.3)
From these, we need to determine the electron's momentum inside the solid, 
kin, tn terms of the photoelectron kinetic energy, , or equivalently its
binding energy by virtue of equation 2.1. Since the photoelectron is moving in 
vacuum (Aee space), its kinetic energy may be written as
Using equations 2.1,2.2 and 2.3, we get
kouii = ^ ^ h v - ( |>  + Ei) cos 0 (2.5)
and
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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koud, = -<► + Ej) sine (2.6)
At the vacuum-solid interface, the parallel component of the momentum is 
conserved. The perpendicular component o f momentum is, however, not 
conserved. This is analogous to the phenomenon of refraction, i.e. the emitted 
electron suffers a change in direction as it leaves the solid. So, we have
koum — k||j (2.7)
Therefore,
kinfl = ^ ^ h v - ( j >  + Ei) sine (2.8)
Thus the components of the initial state momenta are easily mapped, just by 
conservation of energy for direct transitions.
Mapping kin i is not straightforward as it is not conserved across the 
vacuum/solid interface. The free electron final state' model provides a way of 
around this[l 1]. This phenomenological model assumes that the final state to 
which the electron is excited in the first step of the three step model, is one that 
disperses parabolically, regardless of the calculated band structure. This is one 
way in which one can bring in the effects of the existence of the surface, which
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
13
is crucial in modeling photoemission. (Bulk band structure calculations 
assume an infinite solid, and so are not always amenable to predicting 
photoemission yields. Use o f final states firom such calculations result in 
computations of absorption yields. In cases where the final states are of 
sufficiently high energy, fairly good photoemission yields are predicted.) This 
excitation to a free electron like final state occurs within the solid. Let the 
energy and momenta of this intermediate state be denoted as Egnal and k i i n n i .  
Now
Ef — Ei = hv (2.9)
and
kft.«i — ki. (2.10)
since the incident photon momenta are small enough to ignore. Moreover
km»# — = k îi (2.11)
and
k nm .li — k i . i  ( 2 . 1 2 )
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Now, the final state in the free electron final state model is
= (2.13)
where, VÔ is the potential well in which the electron is trapped[ll]. From 
equations 2.9,2.10 and 2.13, we get
kinx= V / fÿ (h v -< i)  + Et)cos20 + V„| cos0 (2.14)
Here we have set VÔ -Hj> = Vq. Vq is called the inner potential, which usually 
refers to the binding energy of the bottom o f the valence band in metals. For 
most materials it is an empirical parameter used to fit the data. Thus equations
2.8 and 2.14 are the central equations used to map energy bands using 
photoemission.
2.1.3 Polarization dependence of the photoemission matrix 
elements
The process of photoemission is a quantum mechanical effect. It is 
essentially a problem that deals with the interaction of radiation with matter. 
The conventional way to describe the photoemission process is by using the 
dipole approximation. The first step is to replace the momentum operator p in 
the Hamiltonian with p - eA. Thus the Hamiltonian breaks up as
ReprocJucecJ with perm ission of the copyright owner. Further reproctuction prohibitect without perm ission.
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H = Ho + e (A.p + p A )+  e W  (2.15)
where, Hq is the Hamiltonian in the absence of radiation. For UV and soft X 
rays, the typical wavelengths are ~ 10 - ICC angstroms. The extent of the 
electronic wavefiinctions in the solid are Qrpically of the interatomic distances, 
a few angstroms. Thus the electrons perceive a uniform field (and hence A). 
This implies that the vector potential A stays fairly uniform over the width of 
the electronic state, and maybe treated as a constant. This is the essence of the 
dipole approximation. Treating the second and third terms as a perturbation, in 
the limit that the fields are weak compared to Ho, and using the fact that A 
varies little over length scales of the order of the electronic wavefiinctions, we 
may write the Fermi golden rule for the transition rate as
oc
where the subscripts i and f  stand for the initial and final states respectively. 
Since A may be treated as a constant, the second term in equation 2.16 clearly 
becomes zero. Moreover, A and p commute now and so equation 2.16 
becomes
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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(2.17)
because V . A = 0, as A is constant. (It is important to note that the dipole 
approximation is only responsible for the absence of the second term in 
equation 2.16. The commutativity of A and p is ensured, even without 
imposing A to be a constant, by choosing the Coulomb gauge.) Equation 2.17 
describes the photoemission process and the operator A .p is the dipole 
operator. In the vast literature on photoemission, it also appears as the 
photoemission operator.
Equation 2.17 contains all of the physics of the photoemission process. 
The photon A vector couples directly to the momentum operator which acts on 
the electronic states of the solid. However it is important to note that the 
expression of equation 2.17 does not, in general, retain the point group 
symmetry of the emitting crystal face. The parameters that affect the 
symmetry of the photoelectron angular distributions are (i) the nature of 
polarization of the incident radiation, (ii) the angle of incidence of the light 
with respect to the sample normal and (iii) the relative orientation between the 
plane of incidence (i.e. the plane containing the photon propagation vector and 
the sample normal) and the plane of polarization. This is clearly illustrated as 
follows. Consider for example, light incident at 45° with respect to the sample 
normal. Let the plane of polarization also be the plane of incidence. Now, if
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the crystal surface is a Cu (001) surface, having a C^y point group symmetry, 
and the plane of incidence is the (010) plane, then the angular distributions will 
be symmetric about the (010) plane, but not so about the (100) plane. In other 
words, if the (010) plane is horizontal, the observed angular distributions must 
show a left-right asymmetry, but no up-down asymmetry. These deductions 
are from purely symmetry considerations. No allusion has been made to the 
nature of the electronic states in the material of interest. Figure 22. shows the 
experimental geometry and illustrates this example clearly. The image must 
show a distinct left-right asymmetry, but no top-bottom asymmetry. Thus the 
symmetry of the photoemission operator is, in general, difrerent from that of 
the crystal surface and depends on the nature of the incident light and the 
geometry of the light with respect to the crystal orientation. So far this has 
been at best an interesting exercise, but the real power o f this lies in the fact 
that one can infer a  lot about the symmetry of the initial states by this 
argument
The electronic states of solids are not eigenstates o f angular 
momentum, i.e. angular momentum is not a good quantum number. This is a 
consequence of the solid having a lower point group symmetry than the full 
rotational symmetry in atoms. However, electronic states in solids may still be 
related to the atomic basis. For example, bands are often called the d-bands or 
the s-band and so on. For solids, the symmetries of electronic states depend on 
the group of a particular k  vector. For cubic systems, the electronic states at







Scattering plaoe and 
(010) mirror plane(100) mirror ^ane
Figure 2.2: Geometry showing the scattering plane, the plane of polarization and 
the ciystallographic mirror plane. Plane polarized light (the polarization plane 
being the scattering plane) is incident in a cry stallographic minor plane, here the 
(010) plane. The (100) is the other mirror plane. The geometry is symmetric 
about reflection in the (010) plane and has mixed (indefinite) symmetry about 
reflection in the (100) plane.
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the r  point (k=0), have definite atomic character. So any state at the F  point 
maybe characterized by the orbital quantum number. Hybridization, or mixing 
of states, begins to occur as one moves away from the F  point So a state at 
some non-zero k value in a band, will not have a pure atomic symmetry, but a 
superposition of angular momenta, in general. Nevertheless, it is usual 
practice to loosely describe the entire band by its symmetry at the F point. It is 
in this spirit that energy bands will be referred to by their orbital character.
To umravel the symmetries of the initial states, one has to identify the 
mirror planes of the crystal to apply the polarization selection rules. Figure 2.2 
shows the mirror planes in the illustrated experimental geometry. The (010) 
and (100) planes are mirror planes of the underlying crystal. There are mirror 
planes that are at 45° to these planes, but they cannot be easily used to gain the 
information we seek. This will become apparent shortly. Now the final state. 
If), in equation 2.17, must be even under mirror plane reflection for emission in 
a mirror plane[12]. If the state is odd under reflection, then on reflection, it 
acquires a minus sign and hence must necessarily be zero. So, final states must 
have even symmetry under mirror plane reflection for emission in the mirror 
plane. The other way of saying this is that one cannot have a node in the 
wavefunction at the detector. If we can say something about the symmetry of 
the photoemission operator, we can directly infer the symmetry of the initial 
state. For emission in the (100) plane, the photoemission operator has even 
symmetry. This is because the vector potential. A, has even symmetry under
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reflection about this plane. So, if emission is observed, then the initial states 
that give rise to this must have even symmetry with respect to mirror plane 
reflection. If no emission is observed, then the initial state must have odd 
symmetry. Similarly, for emission in the (010) mirror plane, the 
photoemission operator has both an even and odd component. This is because 
the incident direction is at 45° to the sample normal. The component of the A 
vector parallel to the sample normal is even under reflection and the 
component perpendicular to the sample normal is odd under reflection. So 
emission firom both odd and even initial states should be seen in this case. 
These results are summarized in Table 2.1. The mirror planes at 45° to the 
ones discussed above do not preserve either the parallel or perpendicular 
components of A under reflection. Hence they cannot be used to gain any 
insight into the initial state symmetries. Thus by examining emission in a 
crystalline mirror plane, it is possible to infer the symmetry of the initial states 
involved in the direct transitions in accordance with equation 2.17. Results 
depicting the initial state symmetries will be shown in the next chapter.
2.2 Instrumentation
This section will deal with description of the instruments used in 
experiment. This consists of the photoelectron analyzer and the beamline at 
the Center for Advanced Microstructures and Devices (CAMD) synchrotron 
source[13].
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Table 2.1: Summary of the polarization selection rules as derived from the 
dipole matrix element
M irror plane |f> A p |i> Intensity
(Old) even even even yes
even even odd no
(10Ô) even even-Kxkl even yes
even even+odd odd no
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2.2.1 Ellipsoidal Mirror Analyzer (EMA)
This is a unique instrument, one of only a handful in the world[14-16]. 
It is a display-type analyzer, which performs electron energy analysis while 
preserving the trajectories of the photoemitted electrons. The angular 
information is kept intact and the angular distributions may be displayed on a 
screen. Figure 2.3 shows a schematic of the EMA[16]. It consists of an 
ellipsoidally shaped electrostatic mirror (brown). This mirror has two foci. 
The sample is placed at one focal point. When illuminated with radiation, the 
emitted photoelectrons, are selectively reflected off the mirror and are 
refocused at the other focal point, as is the property of an ellipse. The grids 
G l. 02  and 03 act as a low pass energy filter; i.e. they only allow electrons 
less than a certain energy, to reflect off the mirror. The more energetic 
electrons will be absorbed by the mirror. The grids at the other focal point act 
as a high pass energy filter and only allow electrons with a minimum energy to 
pass through. Thus, together, energy analysis is achieved while keeping the 
angular information intact There may be minor distortions in the optics of this 
instrument. Most of the grids have a spherical curvature, and so always 
present a perpendicular surface to the electron trajectories. This helps in not 
distorting the angular information and keeping the angular distributions intact. 
The three trajectories shown in Figure 2.3 illustrate this. The mirror and 03 
are the only components that have elliptic curvatures and most distortions in 
the images may be attributed to them. The detector consists of microchaimel
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Ellipsoidal










Low-Pass Energy Filter Kgh-Pass Filter
Figure 2.3: A schematic of the Ellipsoidal Mirror Analyzer (EMA). The ellip­
soidal electrostatic mirror (shown in brown) has two foci. The sample (red) is 
illuminated with lighL The emitted electrons are selectively reflected from the 
mirror and refocused at the other focal point for detection.
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plates coupled to a resistive anode area detector. This consists o f  four 
symmetrically placed anodes. A pulse at some point on this detector translates 
into the signal being distributed to the anodes. The relative strengths of the 
anode signal determines the point of impact of the pulse. For example, equal 
signals at the four anodes implies that the pulse was detected at the center. The 
actual position is decoded using a position computer and the images are 
displayed on the computer screen, the raw data are acquired as 16 bit images. 
The width of the images correspond to an angular separation of 64°. This is 
also shown in Figure 2.3. The ^ i c a l  angular resolution is -'2°.
The analyzer can be operated in two modes. One method is to scan 
through kinetic energy with a small energy acceptance window and obtain a 
spectrum or energy distribution curve (EDC). A typical spectrum is shown in 
Figure 2.4. This is an angle integrated spectrum from a Cu(001) crystal, using 
90 eV photons. The high density of states d-bands are clearly visible at about 
2 eV below Ep and the low density of states sp-band is seen clearly at Ep. The 
linear part of the spectrum that increases in intensif monotonically towards 
higher binding energies, are the secondaries', which arise due to inelastically 
scattered photoelectrons. This was discussed in some detail in the section 
leading to ARPES. It is also possible to operate the instrument in an angle- 
resolved mode. One can set the analyzer to detect electrons of a particular 
kinetic energy and accumulate counts in the form of an image. This way, one 
is actually measuring a slice through the band structure. This is




Energy relative to Ep (eV)
Figure 2.4: Ultraviolet photoelectron spectrum o f the valence band of Cu(OOI). 
The x-axis is the binding energy of the solid, usually expressed relative to the 
Fermi level. The photoemission intensity is on the y-axis. The curve is a mea­
sure of the occupied density of states. The peak at -2.5 e V is emission fixjm the 
low lying d-bands of Cu. The small intensif at the Fermi level is the sp-band 
which crosses Ep. The flat portion of the curve towards high binding energy 
corresponds to intensities arising from in direct transitions and in general mul­
tiple scattering processes. These are known as ‘secondaries’.
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unconventional, since in conventional instruments, one makes a vertical cut 
through the band structure. This requires the acquisition of lOO's of spectra as 
one has to acquire data at one k  point at a  time. With this instrument, a 
horizontal cut is made through the band structure, resulting in a wealth of 
information in one shot. The cut through the band structure is illustrated in 
Figure 2.5. The horizontal line shows the parts of the band structure being 
probed. The width of the line represents the energy window. Figure 2.6 shows 
a cartoon of the Fermi surface of Cu[17]. It consists of a nearly spherical 
surface (brown) in the fee Brillouin zone that is connected to similar surfaces 
in adjacent zones through necks along the (111) direction. This is the constant 
energy surface being sampled if the vertical line in Figure 2.5 were set at the 
Fermi level. The large blue circle represents the free electron sphere 
corresponding to 90 eV photons. The intersection of this sphere with the 
Fermi surface is shown in a lighter shade. One would then expect to see a 
central intensity and four arcs corresponding to emission from adjacent zones. 
Below the cartoon in Figure 2.6 is the actual data. The features are just as 
expected. The contours observed in the image correspond to the intersection 
of the free electron sphere with the desired constant energy surface. This 
typical image takes only 20 minutes to acquire.
The images, as the one observed in Figure 2.6, are not raw data. These 
data undergo a correction for non-uniformity in the gain of the channel plates. 
This is because different portions of the microchannel plates amplify the signal
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Figure 2.5: Band structure of Cu along the FX and IX  directions. The gray 
horizontal line shows the cut across the band structure. The width of this line is 
the resolution of the analyzer. Intensities are measured wherever the bands inter­
sect this line.
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Figure 2.6: Cartoon of the Fermi surface of Cu and actual image. The nearly 
spherical balls are interconnected through necks along the <111> directions. The 
blue circle is the free electron final state sphere for hv=90 eV. The intersection of 
this sphere with the Fermi surface will give the photoemission angular distribu­
tion. The intersections are shown in a lighter shade. The actual data is shown 
below. As can be clearly seen, there is very good agreement between the two.
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differently. To correct for this, for every image acquired, a background image 
is also taken. This is done at an energy where there are no angular 
distributions, i.e. on the secondary background. Dividing the raw data by this 
background results in the removal of the non-uniform gain function 
completely, thus rendering the true angular information. This is the only 
correction that has been applied to any of the data.
The transmission of the analyzer, which is the fraction of electrons
emitted in a given energy window that are actually detected, is a strong
function of the electron kinetic energy. This can modulate the intensities in a
photoemission spectra and lead to spurious peaks. The grids GI and 02,
together known as the pre-retard, ensures that all the electrons, before
traversing through the analyzer, attain the same kinetic energy. This is called
the pass energy. This ensures the same transmission for all the electrons and
so removes any experimental artifact from entering the photoemission spectra.
All the data were acquired using a pass energy of 25 eV. The energy
resolution of the instrument is -  250 meV.
2.2.2 Center for Advanced Microstructures and Devices 
(CAMD)
The measurements were all performed at Louisiana State University's 
(LSU's) CAMD synchrotron source[13]. The storage ring has a diameter of 
-55 feet and consists of 8 bending magnets, each of which can accommodate 
two beamline ports. The bending magnet radius is -2.928 meters. The typical 
operating energy for the ring is 1.3-1.5 GeV. Storage currents are -  150 mA
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and current lifetimes -11 hours. The critical wavelengths are -4  angstroms 
and -7  angstroms for energies of 1.3 GeV and 1.5 GeV respectively. 
Synchrotron radiation is the radiation that is produced when a charged particle 
(in this case electrons) are accelerated. This happens in the bending magnets 
of the synchrotron storage ring. The radiation that is produced is plane 
polarized in the plane of the electron's orbit. As one deviates &om this plane 
and goes above or below, the radiation is elliptically polarized.
The experiments where performed in an ultra high vacuum (UHV) end- 
station at LSU's Plane Grating Monochromator (PGM) beamline[18]. This is 
located in port 4A of the CAMD synchrotron. It has two gratings which cover 
the range from 16 eV - 1600 eV. The horizontal acceptance is ~ 7 mrad. The 
measurements presented here were all acquired using the lower energy grating 
of 360 lines per mm. The beamline may be operated at resolving powers of 
greater than Ifr*, but for want of higher count rates and better statistics, typical 
resolving powers of -  2000 were employed. The beam spot size at the end 
station was typically 0.5 nun. The PGM beamline was originally designed to 
monochromatize plane-polarized light from the synchrotron storage ring and 
deliver it to the user at the end station. It was modified to enable the user to 
harness circularly polarized light from the synchrotron source. This was done 
by using Cu baffies with high thermal conductivities to block the incident 
radiation and select light from above and below the plane of the synchrotron 
orbit. This way, left and right circularly polarized light could be obtained.
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2.3 Experimental Details
This section will describe the experimental setup, substrate preparation 
and the technique used to grow the thin films.
2.3.1 Experimental setup
A layout of the experimental setup is shown in Figure 2.7. The main 
chamber houses the spectrometer and the magnet for magnetizing the sample 
for dichroism measurements. The sample preparation chamber, which was 
designed in-house, is connected to the main chamber through a  gate valve. 
Samples may be transferred between the two chambers using a magnetically 
coupled transfer arm. This facilitates the introduction of samples without 
breaking the vacuum in the main chamber. Also, this prevents the coating of 
the delicate optics in the spectrometer by the different evaporation sources that 
are used to make the thin films. The magnet in the main chamber is outside 
the analyzer, which has a magnetic shielding. Thus, stray fields, which may 
afiect the electron trajectories are kept to a minimum. Both chambers are 
maintained throughout at UHV. The base pressure in the main chamber was 
below IxlO'lO Torr and that in the preparation chamber was better than 1x10-9 
Terr during film deposition.
2.3.2 Substrate preparation
Cu(OOl) and Ni (001) substrates were employed in the experiments. 
Single crystals oriented to better than 0.5° were purchased firom Monocrystals 
Company. The crystals were sputtered for -30 minutes with Ar+ ions at a
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(/)(/) Figure 2.7: IVpical experimental layout (not to scale). All equipment are stan­
dard UHV compatible. wN»
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pressure of 5x10-^ Torr[19]. This atomic-scaie 'sand-blasting' helps to rid the 
surface of adsorbed contaminants and any previously deposited film. A 
sputtered surface, however, is not at all smooth on the microscopic level. So 
the sample must be heated (annealed). The sputter-cleaning was followed by 
armealing for -15 minutes at -  600°C. The annealing helps to increase the 
mobility o f the atoms on the surface and redistribute the atoms to render an 
even surface. Unfortunately, it also results in the migration of contaminants in 
the bulk of the crystal to the surface. The substrates were subjected to several 
sputtering and anneal cycles every day. In the case of Ni, a one time anneal at 
~300°C in an atmosphere of NO was performed. This helps to rid the crystal 
of any surface and sub-surface carbon content. From time to time, the Cu 
crystal was rechecked for orientation and repolished mechanically to remove 
roughening that arises over time. This was followed by electropolishing in a 
solution of 9% sulfuric acid, 63% phosphoric acid and 28% distilled water[I9]. 
The crystal, suspended on pure Cu holder, serves as the anode (+), while a pure 
Cu plate serves as the cathode (-). The electropolishing is performed for 30 
seconds at a  voltage of 2.1V and then thoroughly rinsed with distilled water. 
This helps to restore the bright pink color of the crystal surface which turns 
milky due to roughening.
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23.3 Thin film growth
The Ni and Cu thin films were grown in situ in the sample preparation 
chamber. Molecular Beam Epitaxy (MBE) was used to deposit the films. 
Film thicknesses ranged from sub monolayer thicknesses to -  20 ML.
The Cu was deposited on a Ni(001) substrate at room temperature 
using thermal evaporation. Pure Cu chunks were wound with tungsten wire 
attached to a high-current feedthrough. The Cu was heated by passing -10 
amps through the filament, resulting in evaporation. The entire filament was 
placed in a Ta enclosure and the Cu beam was allowed to leak out only 
through a -2mm aperture to minimize coating the insides of the chamber. 
Typical evaporation rates were -  2-5 ML per minute. After the source had 
stabilized, a soak time of 1 minute was employed. (This is to ensure uniform 
evaporation rates without large variations in the deposition rates, which can 
lead to the formation of a disordered film. It also helps in growing films of 
known thickness reproducibly.)
Ni was evaporated on a Cu((X)l) substrate at room temperature using 
electron beam bombardment A special evaporator was designed, constructed 
and assembled in-house for this purpose. The Ni was placed in the form of a 
rod along the axis of a hollow cylindrical Cu cooling block. A concentric 
filament was placed around the tip of the Ni rod. By passing -  5 amps of 
current through the filament, and biasing the Ni rod to +2kV, the tip was 
heated by the thermionically emitted electrons, which bombarded the Ni rod.
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resulting in heating and evaporation. A collimating aperture was used to guide 
the beam of ions to the substrate. The Cu block was cooled using flowing 
liquid nitrogen, to keep the pressure in the chamber from increasing during 
deposition. Again, typical evaporation rates were -2-5 ML per minute. 
During deposition, the ion current to the substrate was monitored and was 
observed to be -2  nA. The product of the evaporation time and this ion current 
was used as a rough indicator of the film thickness. As before, after the source 
had stabilized, a soak time of 1 minute was employed.
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Chapter 3 
Band structures of 3d fee trausitiou 
pseudomorphs
Transition metals have been of great interest as they exhibit a wide 
range of exotic phenomena. Ferromagnetism is one of these phenomena. Of 
the 3d ferromagnets, Fe, Co and Ni have been widely studied and used because 
of their robustness in applications. They are thermally stable for applications 
as magnets, as they have high Curie temperatures. They have moderately high 
moments; O.bOpe for Ni, 2.22|Xb for Fe and 1.72pB for Co. These materials all 
crystallize in different structures. However, one can still make some general 
observations about the nature o f the magnetism in these materials, particularly 
if we restrict our considerations to their fee phases. In the thin films that we
36
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
37
have studied here, we have constrained our growth regimes to those 
thicknesses and substrate orientations where only the fee phases grow.
Of course, the magnetism in these materials arises solely due to the 
spin contribution and not the orbital contribution. This because of orbital 
quenching’, common in light transition metals[20]. In the presence of a cubic 
crystal field, the orbital moment contribution averages to zero and is 
essentially quenched. This is a powerful group theoretical result. This is an 
exact result in the absence of spin-orbit splitting. Since there is a definite spin- 
orbit splitting in these materials, the Hamiltonian does not quite have full cubic 
symmetry, but is in fact slightly tetragonal. This results in a weak, but non­
zero orbital contribution to the total magnetic moment. The spin contribution 
is still the main contributor. For example, the spin contribution to the moment 
in Ni is 0.54ptB[20]. The orbital contribution is 0.06^b> yielding the total of 
0.6|Xb> So the magnetism clearly arises from the spin-dependent band 
structure. The magnetism in these materials is understood under the notion of 
itinerant magnetism. This is as opposed to the idea that each atom carries at its 
lattice site a spin of a fixed moment. Such a notion, that there are localized 
moments applies for materials such as insulating garnets and heavier 4f 
materials, but does not hold for 3d transition metals. This is because these 
materials have partially filled d-bands. Since these d-bands suffer a strong 
exchange splitting, the spin up and spin down bands end up being unevenly 
filled at the Fermi level. The d-bands, although, localized in comparison with
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the sp-band, is still largely responsible for the transport properties through the 
solid.
So far we have been speaking in a generic fashion about magnetism in 
these materials without any regard to their electronic configurations. Clearly, 
these materials differ only in the make-up of the 3d orbitals. Since Fe, Co and 
Ni have 26, 27 and 28 electrons respectively, and they have similar ion cores, 
they have similar band structures. The only differences are in the width of the 
difierent bands and the position of the Fermi level. Fe will have the least filled 
d-bands and Ni, the most filled. So band filling is an essential difference 
between these materials. This leads us to a question: Why is Cu, which is also 
fee, not magnetic since it only has only one more electron than Ni; 29? The 
answer is that, while Ni has a 3d^4s^ configuration, Cu has a 3dlO 4s^ 
configuration. This implies that its d-bands are completely filled with no 
difierences in the occupation of spin up and spin down bands. Furthermore, 
the sp-band hardly suffers an exchange splitting. Thus, in spite of the similar 
appearances of their band structures, they differ crucially in band filling, 
leading to drastically different properties. These similarities and differences 
are crucial to the understanding of the electronic structure in thin films, as we 
shall see in the next chapter.
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3.1 Electron energy bands in 3d fee transition 
metals
Figure 3.1 shows the calculated band structure o f bulk Cu. This is a 
parametrized semi-empirical second-principles calculation using the combined 
interpolation scheme[21-23]. The bands are plotted only along two high 
symmetry directions, FX and FL. Along the FL direction, there is no band 
intersection with the Fermi level. This is the direction in which necks connect 
the Fermi surfaces in adjacent Brillouin zones. Along FX, the intersection of 
Ep with the sp-band is clearly seen. The completely filled d-bands lie -  2eV 
below Ep. Figure 3.2 shows the band structure for Ni. Here, the dark lines 
correspond to majority spin bands and the light lines correspond to minority 
spin bands. Here the Fermi level actually passes through the d-bands, resulting 
in partially filled d-levels. The sp-dgz hybrid band is also partially filled at Ep. 
But for the exchange field splitting and the location of Ep, the band structures 
look very similar. Minor differences, such as the increased band widths in Ni 
are seen. Otherwise, the band dispersions at Ep-2 eV in Cu are similar to those 
at the Fermi surface of Ni. This implies that the electronic states at Ep-2 eV in 
Cu must look just like those at Ep in Ni. This means that band dispersions at 
deeper energies in Cu will resemble that o f fee Co and those of even greater 
binding energy in Cu will resemble that of fee Fe. One way to describe this is 
to say that, these materials exhibit band mismatches. The following section 
deals with experimental data clearly illustrating this point.









L r  X
Momentum
Figure 3.1: Calculated band structure for Cu. The calculation is based on a semi- 
empirical second principles parametric combined interpolation scheme. The bands 
are plotted along the FX and FL directions. As expected there is no fermi level 
crossing along FL. The sp-band crosses Ep along the FX diiecdon. The d-bands 
are the flat bands lying about 2 eV below Ep. They arc completely filled leading 
to zero net moment contribution from spin.
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Figure 3.2; Calculated band structure for Ni. The band mismatch of 2 eV is 
clearly seen. Note the lower band filling resulting in essentially a lowering of the 
Fermi level as compared to Cu. This puts the d-bands and the sp-band at the 
Fermi level. The exchange splitting leads to a polarization of the spin up' and 
spin ‘down’ bands. The dark lines are the majority bands and the light ones are 
minority spin bands. The similarity between the structure of the d-bands in Ni 
and those in Cu are striking, reinforcing the notion of generic band structures 
differing, primarily, in band filling.
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3.2 Comparing Cu 3d states at Ep-2 eV and Ni 
states at Ep
Figure 3.3 shows the photoelectron angular distributions fiom bulk Cu 
at 2 eV binding energy and those from bulk Ni at the Fermi level. Clearly, the 
photoelectron angular distributions from the bulk Ni are almost identical with 
those from bulk Cu. At 45 eV, the dxz and dy% band emissions form a box-like 
structure, and at 90 eV, emission from the dxybands form an "X-like" feature. 
Calculated images for Cu at Ep-2 eV are shown for comparison and are in 
excellent agreement.
3.3 Polarization dependence of the 
photoemission matrix elements
Figure 3.4 shows images of photoelectron angular distributions from a 
single crystal Cu(OOI) surface for 45,60 and 90 eV photons. These images are 
those detected from the d-bands which are at 2 eV below Ep. Also shown for 
comparison are images as predicted by band structure calculations[21]. The 
calculated images are taken from semi-empirical band structure calculations 
using the combined interpolation scheme[21-23]. Figure 3.5 shows the parts 
of the Cu fee Brillouin zone that are probed using photons o f45,60 and 90 eV. 
At 45 eV, the free electron final state sphere passes through the zone center; at 
60 eV, the sphere intersects the Brillouin zone at 1/3^ FX in the center and 
near the X point at the zone edge; at 90 eV, the sphere cuts through the zone 
edge at the center of the image. The dashed lines show the angular acceptance














Figure 3.3: Similarities between the d-bands of Cu and Ni. The left column 
shows data for photons of 45 eV and the right column shows that for 90 eV. The 
upper two panels are emissions from bulk Cu(001); the center row shows angular 
distributions from a thick film of Ni: and the bottom row shows the predicted 
angular distributions from bulk Cu at Ep-2 eV. The similarities between the im­
ages are striking.
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Figure 3.4: Angular distributioas from the d-bands of Cu(001). Images for photon 
energies of 45. 60 and 90 eV in two azimuthal orientations are shown. Those 
predicted from calculations are shown for comparison.
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[110] [100]
Figure 3.5: The parts of the fcc Brillouin zone probed by the different photon 
energies. The lowest arc shows the free electron final state sphere passing through 
the zone center in the middle; the arc in the middle shows the 60 eV sphere pass 
through states l/3rd the distance along FX at the middle and near the X point at 
the zone face; and the top most arc shows the 90 eV sphere intersecting the zone 
near the X point at the center. The extent of these arcs indicate the angular 
acceptance of the measuring instrument, 64°.
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of the analyzer. As can be seen in Figure 3.4, there is excellent agreement with 
the angular distributions predicted firom theoretical band structure. The images 
in the left column are those with the (10) azimuth horizontal and those in the 
right column show images with the (11) azimuth horizontal. The photon 
polarization is horizontal for all the data with the experimental configuration as 
detailed in Figure 2.2. The 45 eV image, in the (10) azimuth shows a 
'diamond-like' structure which is well reproduced in the calculation. In the 
image fiom the (11) azimuth, a "box-like" structure is seen and is also well 
reproduced by the calculation. These are consistent with emission fiom the dxz 
and dyz bands. A faint arc, that appears on the right hand side of the image, 
represents emission fiom the low density of states sp-band. At a higher photon 
energy of 60 eV, more features are seen as a larger section of the Brillouin 
zone is sampled. The dxz and dyz emission is seen shrinking towards the 
center of the image as expected. Again all the features observed in the data are 
in excellent agreement with those fiom the calculation. At a photon energy of 
90 eV, in the image fiom the (10) azimuth, one observes a bright "X-like" 
feature appear at the center of the image. This represents emission fiom the 
dxy bands. Although this feature is well reproduced by the calculation, the 
bright bands on the left, top and bottom of the image are not observed in the 
calculation. This implies that these are not a result of direct transitions. Also, 
these emissions are seen close to the edge o f the Brillouin zone, indicating that 
they may arise fiom multiple scattering processes[24]. On closer inspection, a
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faint vertical bar appears at the center of the image. This is not seen in the 
calculated image. This is consistent with emission &om a d%2_y2 orbital, which 
lies close to Ep in Ni, but is probably observed as a result o f the finite 
resolution of the measuring instrument The image corresponding to the (11) 
azimuth shows surprisingly, a vertical bar instead of a plus-like' feature. The 
calculation also confirms this. This is consistent with emission firom a band of 
dxy symmetry, which is odd on reflection, thereby giving a node in intensity in 
the mirror-plane geometry.
The use of polarization selection rules is, therefore, an invaluable tool 
in identifying the initial states responsible for direct transitions in the 
photoemission process.
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Characterization of thin films
The most important part of film characterization is the estimation of 
film thickness. Thicknesses were estimated during deposition using a water 
cooled quartz crystal oscillator. This provided a rough estimate of the film 
thickness. Several other techniques were also employed to measure the 
thicknesses once the films were deposited. These extensive measurements 
were performed in an extensive manner on the Ni films and are described in 
some detail below.
4.1 Attenuation of 3p core levels
Core level spectra of the overlayer and substrate may be used to 
determine the film thicknesses. As the film thickness increases, the intensity
48
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of the substrate peak decreases as the emitted electrons are attenuated by the 
overlayer. The ratio of the intensities of the overlayer core level peak to that of 
the substrate can be used to estimate the film thickness.
Let Ixi and Icu be the intensities of the Ni and Cu core level peaks 
respectively. Then
= (4.1)
where lo is the total photoemission intensity, d is the film thickness and X is 
the inelastic mean free path. This is just Beer’s law. Therefore, is given by
I,r. = Io-roe-^^ (4.2)
Solving for d from the above two equations gives
(4.3)d = X.ln In«
The thicknesses may be estimated from the ratio of the peak intensities from 
the core level spectra. However, this method requires a knowledge of the 
inelastic mean free path. The electron inelastic mean free path (IMFP) in 
solids fall on a universal curve, independent of the material[25]. It depends 
only on the electron's kinetic energy. For electrons of ~ 100 eV kinetic energy.
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X. ~ 6 angstroms. This translates to about 3 ML for the system of interest. 
Figure 4.1 shows the angle-integrated EDC's for emission from the 3p core 
levels of Ni and Cu using 200 eV photons for clean Cu and five different Ni 
coverages. The uniform and almost complete attenuation of the Cu 3p peak 
indicates that there is little or no interdiffusion or alloying between the two 
species. The film thicknesses were estimated using equation 4.3 and assuming 
X. = 3 ML. These were consistent with estimates from the rate monitor.
4.2 X-ray photoelectron diffraction (XPD)
In order to determine the IMFP, an independent measure of the frlm 
thicknesses was required. This was achieved by performing X-ray 
Photoelectron Diffraction (XPD)[26, 27]. This technique is an element 
specific probe of the local environment of a chemical species. As the 
photoelectron makes its way from the emitter to the surface, it can be 
diffracted by the atoms in the lattice. This is analogous to X-ray diffraction, 
where the X-rays are difiracted by the lattice. Here, however, the critical 
length scale is not the lattice spacing, but the atomic size itself. When the de 
Broglie wavelength of the photoelectron is comparable to that of the atomic 
size, then the atomic potential can perturb trajectories resulting in a forward 
focusing effect[28]. For electron kinetic energies of a few hundred eV, the de 
Broglie wavelength is of the order of a few angstroms and the forward 
focusing effect is appreciable. Forward focusing causes enhancements in the 
Ni 3p emissions along specific emission directions, which depend on the
















Figure 4.1: Soft X-ray photoemission spectra at hv=200 eV for Ni films on 
Cu(001). The spin -orWt split 3p,^ and 3pj^ are clearly visible for the pure Cu. 
As more and more Ni is deposited, there is a decrease in the intensiQr of the Cu 
3p peaks, and there is a tremendous increase in the Ni 3p features.
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number of Ni layers deposited. This is illustrated in Figure 4.2. Table 4.1 
summarizes the XPD results to be expected for epitaxial layer by layer growth 
in fee systems. For a single layer of Ni there is no enhancement in the Ni 3p 
emission along any particular emission direction, since there are no overlying 
Ni atoms. At the onset of the second layer, one observes enhancements along 
the 45° direction in the [10] azimuth. At the beginning of the third layer, one 
sees enhancements in normal emission and so on. Figure 4.3 shows the XPD 
data from the Ni 3p core levels for hv = 400 eV. For 0.6 ML of Ni, there is 
little or no enhancement along the 45° direction. At 1.2 ML, there is 
appreciable enhancement in the 45° direction, and it increases dramatically for 
the 3.6 ML coverage. The 6 ML film shows, in addition to the 45° peak, 
enhancement at 27°, as is expected. The spectrum for clean Cu is shown for 
comparison. This shows features similar to the thick Ni film. These 
measurements are consistent with the mean free path used in the thickness 
determination from the core level spectra. These clearly indicate a good layer- 
by-layer growth and are consistent with previous STM measurements on 
Ni/Cu(001)[29].
4.3 Magnetic Linear Dichroism (MLD)
Another useful tool that can be used to check the thicknesses of 
ferromagnetic films is magnetometry using Magnetic Linear Dichroism. This 
effect produces changes in the photoemission (or absorption) intensities due to 
changes in the orientation of the photon polarization relative to the sample










Figure 4.2: Schematic of forward focusing enhancements. Shown are the angles 
in the [10] azimuth, at which, enhancements in the photoemission intensities of 
the core level o f the overlayer chemical species are expected. These are 
summarized in Table 4.1.
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Table 4.1; Forward focusing angles for an fee lattice along the [10] azimuth.
Coverage, d (Ml.) Awar angles in the [10] azimuth
0 < d <  i none
1 < d < 2 45°
i < d < 3 0 .̂45®
^ < d < 4 0^. 18°, 45°
4 < d < 5 0°, 18°, 27°. 45°
^ < d < 6 6®, 18®, l7°, 31®, 4^°















Polar angle along the [100] direction (degrees)
Figure 4.3; XPD curves fordifferent coverages of Ni. The solid lines are smoothed 
data. The actual data points are shown as faint dots. For submonolayer cover­
ages, there is no enhancement in photoemission along any direction. At 1.2 ML, 
there is obvious enhancement in the 45° emission. The same applies to the 3.6 
ML film. The 6 ML film shows enhancements at 45° and 27°, as expected. The 
top most curve is emission fiom bulk Cu. It shows enhancements at 45° and 27°.
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magnetizatioo[30]. Some of the relevant theory of magnetic dichroism will be 
discussed in Chapter 6. The experimental geometry that we use, shown in 
Figure 4.4 (a), is that of the equatorial (transverse) Kerr effect, where the 
magnetization vector is in the plane of the sample (along the [100] direction) 
and perpendicular to the plane of incidence of the photons (p-polarized 
incidence geometry was used).
Ultrathin magnetic films have Curie temperatures, Tc, lower than those 
in their bulk phases[31]. This is indicated in Figure 4.5. For 4.5 ML of Ni, the 
Tc is about 300 K (room temperature). Films lower than 4.5 ML in thickness 
are paramagnetic at room temperature and those between 4.5 ML and 7 ML 
can be magnetized in-plane. Above 7 ML, they magnetize out of plane. This 
is as a result of the magneto-crystalline anisotropy.
Figure 4.4 (b) shows the EDC's from the 3p core levels of the 6 ML 
film. The asymmetry in the photoemission intensities between the up' 
magnetization and the down' magnetization is clear. The difference, which is 
the dichroic signal, expressed as a percentage, is shown in Figure 4.4 (c). The 
other films did not exhibit this dichroism and these findings are consistent with 
the thicknesses estimated from earlier measurements. From all these 
observations, one may conclude that the film thicknesses are accurate to within 
25%.















Figure 4.4: MLD ftom 6 ML Ni/Cu(001). The equatorial (transverse) Kerr ef­
fect geometry is shown in (a). Here, the sample magnetization is perpendicular 
to the plane of incidence. P-polarized light incidence geometry is used, where 
the plane of polarization of light coincides with the plane of incidence. The Ni 
3p photoemission intensities for the two magnetizations are shown in (b). The 
dark line is for up' magnetization and the light line is for ‘down’ magnetization. 
The dichroic signal, which is the difference between the two magnetizations in 
(b), is expressed as a percent of the average in (c).











Figure 4.5: Magnetic phase diagram for films of Ni/Cu(001). In order for the 
films to magnetize in plane at room temperature, their Curie temperature must be 
greater than BOOK. From this diagram, it is clear that only films greater than 4.5 
ML thickness will magnetize. This is from F. Huang et al., Phys. Rev. B 49,3962 
(1994).
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Chapter 5
Electronic states in thin films
Magnetic thin film systems exhibit exotic phenomena like Giant 
Magneto-Resistance (GMR), oscillatory magnetic coupling and spin- 
dependent transportez, 3]. These effects are intimately tied to the interface 
characteristics, such as the interaction between the substrate and the film 
electronic states, and to the nature of the Fermi surfaces in these thin film 
systems. Thin films of Ni on Cu(001) is a prototypical GMR system which 
may be used for this study. In this chapter, experimental results of the 
electronic structure of thin films of Ni/Cu(001) are presented.
59
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Before delving into the results firom Nl/Cu(001), a little time will be 
spent on describing the nature of the electronic states in a two dimensional 
film.
5.1 Electronic states in a single atomic layer
In order to describe the electronic states of a two dimensional system, 
one has to build the theoretical firamework in which to describe the states of the 
system. A single stand-alone atomic layer has its atoms arranged in a periodic 
fashion in a two dimensional lattice. This means that the crystal field' that the 
electrons see is confined to the plane of the film. Before describing the nature 
of the electronic states, it is important to describe the appropriate reciprocal 
space. The reciprocal space vectors a', b',and c' for a three dimensional real 
space lattice described by primitive vectors a, b and c are given by
* ” *(b X c) ** " ^^b *(cxa) ^  ~  *a x b)
For a two dimensional film, described only by vectors a and b, the reciprocal 
space vectors may be obtained by setting c-*<* in equation 5.1. This gives
The direction of a* and b' are perpendicular to b and a respectively and are 
contained in the a b plane.
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Equations 5.2 now span the reciprocal space of a two dimensonal layer. 
The a* and b* vectors, which are in the a-b plane, are inversely proportional to 
the magnitudes of a and b respectively, while c'=0. This means that, in a 
direction perpendicular to the two dimensional array of atoms, there is no 
discreteness in the spanning vector. So the reciprocal space consists o f discrete 
points in the two dimensional plane, and extends as continuous rods into the 
third dimension, perpendicular to the plane. The way, then, to construct the 
Brillouin zone, is to construct the Wigner-Seitz cell in the plane of the film and 
then extend them continuously in the perpendicular direction. This gives a 
framework in which one can describe the states of a two dimensional lattice. It 
is important to note that the above description is not restricted to just a two 
dimensional array of atoms. It is a general paradigm which can be used to 
describe surfaces, because of the reduced co-ordination of atoms on the surface 
layer, to describe highly localized systems like some high Tc superconductors 
in which the perpendicular resistances are orders of magnitude higher than in­
plane resistances, and to describe layered materials like graphite.
So how does one delineate the electronic states for a two dimensional 
material? From the discussions in Chapter 2, the electronic states maybe 
described by the electron momentum, k, because it is a good quantum number. 
Thus (k||, kjJ, in conjunction with the band index, describes uniquely an 
electronic state. But the continuous nature of the primitive vector in the 
perpendicular direction, renders kj. redundant. So for two dimensional
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systems, k» alone is sufQcient to describe the electronic states. This implies 
that along kj_, the bands are perfectly flat and dispersionless. although, in the 
plane of the layer, the states will disperse. This simple fact has drastic 
consequences. The constant energy surfaces in momentum space are two 
dimensional contours, simply extended into the perpendicular direction. For 
example, a circular constant energy contour in the plane of the layer, extends 
into a tube into the perpendicular direction. This is true in the case of high Tc 
superconductors and graphite[32~34]. An inspection of the band structures of 
these materials along the c-axis direction shows flat bands that disperse little. 
This is crucial in explaining their transport properties, since they are, to a large 
extent dictated by the nature of the Fermi surface, the most important constant 
energy surface. The natural question now is: how does one observe this in a 
photoemission experiment?
As has been seen already in Chapter 2, the photon energy hv, plays the 
role of spanning the kj_ of the electrons in a solid. The electronic states probed 
by photons of energy hv, are the intersection with the band structure of free 
electron frnal state spheres, whose k-space radii depend on hv. In lieu of the 
above description of the electronic states of a layered material, this implies that 
the intersection of any sphere with a constant energy surface that is tubular in 
geometry, will yield identical contours, independent of photon energy. In a 
photoemission experiment, then, this means identical contour shapes will be 
observed, but shrinking in size (emission angle decreases) with increasing
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photon energy. This is then a signature of the two dimensional nature o f the 
electronic structure o f the material. This has been beautifully illustrated for 
single crystals o f graphite[34] and for surface electronic states of Cu(l 11)[9].
The flat bands in the perpendicular direction can be explained in very 
qualitative terms also. The surface layers and/or two dimensional arrays have 
reduced coordinations in the perpendicular direction. The electron 
wavefunctions will then be more atomic-like in the perpendicular direction, 
and will exhibit dispersing bands in the film plane. This will lead to band 
narrowing in the c-axis direction, as is expected for atomic energy levels, 
which show little dispersion. This band narrowing is quite different from what 
is observed in supperlattices, however. This needs to be differentiated. In 
superlattice structures, the film electronic states may be extended in the 
superlattice direction, but band narrowing effects may still occur. This is 
entirely due to the reduction of the Brillouin zone size along the superlattice 
direction because o f the larger periodicity. This leads to the energy bands 
being folded into the reduced zone and since their slopes must vanish at the 
zone edges, the result is the formation of multiple bands and their bending at 
the zone faces and hence, smaller band widths. This will be discussed later on 
in this chapter.
The above arguments are valid for stand-alone monolayers and systems 
in which there is negligible interaction with the substrate which supports the 
film. It is, therefore, crucial to determine the extent to which the film
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electronic states interact with the substrate electrons and what effects such 
interactions produce. These studies are vital towards the development of an 
understanding of exotic phenomena in thin film magnetism. With this serving 
as a motivation, I will now describe the results of photoemission from a 
monolayer of Ni on Cu(001).
5.2 Electronic structure of a monolayer film of 
Ni/Cu(001)
Figure 5.1 shows the Fermi surface images from a 1.2 ML film of 
Ni/Cu(001) using 45, 60 and 90 eV photons. Also shown for comparison are 
data firom a bulk Cu(001) crystal, a 6 ML Ni film and calculations from bulk 
Ni. The similarity between the angular distributions fijom the Fermi surface of 
the 1.2 ML and 6 ML films is striking. The patterns are essentially identical. 
The top most row shows Fermi surface images from the bulk Cu crystal. The 
angular distributions from Cu are very different from those from the Ni films. 
The bulk Ni calculations show good agreement with the observed data. The 
intense feature near the zone edge on the right at 60 eV and the left at 90 eV 
are thought to be multiple scattering features that are observed in both the 
films, but absent in the calculations. This is because the calculated images 
only consist of matrix elements corresponding to energy conserving direct 
transitions and do not include multiple scattering occuring in the final states.
It is interesting to note that the 1.2 ML film and 6 ML film show almost 
identical Fermi surface cross-sections for all three photon energies. That this
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Figure 5.1: Photoelectron angular distributions from bulk Cu. bulk Ni. and the 
1.2 and 6 ML Ni films. The similarities between the 1.2 ML Ni film and the 6 
ML Ni film are striking. At 45 eV. the familiar diamond-like shape dispersion is 
seen. At 60 eV. the checlœr board pattern is observed and at 90 eV. the X-like 
pattern is seen. The Ni calculations predict structures similar to that observed in 
the data. The strong zone boundary emissions, believed to be due to multiple 
scattering, are observed in the data from both the films.
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happens for the 6 ML film is not surprising, since one might expect the 6 ML 
film to behave like a bulk material. This would give angular distribution 
patterns that change with photon energy and show strong perpendicular 
dispersion. But similar behavior is seen in emissions firom the monolayer film. 
This implies that the monolayer film electronic states are also dispersing 
exactly like bulk Ni![35, 36] Since the angular distribution patterns change 
with hv, they disperse not only in the plane of the film, but also in the 
perpendicular direction! The Ni calculation confirms this too. As a  further 
confirmation of this, data firom the Fermi level of bulk Ni(001) at a  photon 
energy of 90 eV is presented in Figure 5.2, further reinforcing the notion of 
bulk-like dispersion in a monolayer film. These angular distributions firom the 
monolayer Ni film Fermi surface are also identical to those observed firom 2 
eV below Ep from bulk Cu(001) as is shown in Figure 5.2.
In order to map out the Fermi surface in the complete Brillouin zone, 
i.e. span kj. over large volumes of the zone, the band dispersions were 
measured for the 1.2 ML film at several photon energies firom 40 eV to 100 
eV. This is shown in Figure 5.3. Clearly, the monolayer film exhibits bulk­
like behavior as can be clearly seen in the drastic changes in the emission 
patterns as the photon energy is varied. From these images, the Fermi surface 
crossings are extracted and the Fermi surface contours are plotted in the fee 
Brillouin zone. Figure 5.4 compares these results with the first principles 
calculations of bulk Ni by Wang and Callaway[37]. The filled diamonds are
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hv=90eV





Emission from Ep-2 eV
Figure 5.2: Photoelectron angular distributions at Ep from the monolayer film 
and bulk Ni(OOl). Shown at the bottom is that fiom a binding energy of 2 eV 
from a bulk Cu(001) crystal.
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hv=40eV hv=45 eV hv=50 e V hv=60eV
hv=70 eV hv=80 eV hv=90 eV hv=100 eV
Figure 5.3 : Dispersion of the electronic states at Ep of the 1.2 ML Mi film. Photon 
energies from 40 eV to ICO e V were employed.
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Figure 5.4: Fermi surface crossings of the 1.2 ML Ni film. The dashed arcs are 
indications of the parts of the zone being probed by the canonical photon energies 
of 45 eV, 60 eV and 90 eV, from bottom to top. The extent of the arcs define the 
acceptance angle of the analyzer. The solid contours in the Brillouin zone are 
from first principles calculations of the bulk Ni band structure by Wang and 
Callaway. The filled diamonds represent 3d band crossings, the open circles are 
sp-like states and the crosses represent dispersionless features near the zone 
boundary.
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3d band crossings, the open circles are sp-like states and the crosses represent 
dispersionless features at the zone edge. The solid lines are the calculated 
Fermi surface contours. There is fairly good agreement between the 
experiment and the theory. The dispersionless features are not reproduced in 
the theory as these possibly represent multiple scattering features which have 
high cross-sections at high photon energies. This is unequivocal proof that a 
two dimensional layer of Ni (supported on Cu((X)l)) really does possess a 
bulk-like electronic structurel[35, 36]. Theoretical studies of monolayer Ni 
films on Cu(001) substrates[38, 39] show that a single atomic layer of Ni on 
Cu(001) has electronic structure similar to that of an isolated Ni monolayer. 
This implies a two-dimensional electronic structure for the Ni film with little 
interaction at the Ni-Cu interface. The results presented here clearly do not 
support this picture.
It is useful to follow the development o f the bands at Ep as a function 
of overlayer coverage. Figure 5.5 shows this for bulk Cu and five different 
coverages of Ni at hv=45 eV. The sp-band produces a nearly circular contour 
for the clean Cu image. For the sub-monolayer Ni coverage of 0.2 ML, the 
angular distributions show a superposition of contributions from both Cu and 
Ni. In the monolayer film, however, the Cu is completely attenuated and the 
angular distributions closely resemble those from the thick Ni film. The highly 
anisotropic nature of the sp-bands in the Ni film are also clearly contrasted 
with the nearly isotropic dispersions in Cu. Near the percolation threshold of














6  ML Ni
Ferromagnetic film
Figure 5.5; Evolution of the Fermi surface for hv=45 eV as a function of Ni 
thickness. The sp-band crossings clearly evolve with Ni coverage. The nearly 
circular Cu sp-band is clearly contrasted with the highly anisotropic sp-band in 
Ni. The submonolayer film dispersions closely resembles that of pure Cu, while 
those of the monolayer film resembles those of ± e  thick film.
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-0 .6  ML, which is the coverage at which the overlayer film becomes 
continuous, the angular distributions are in between the two extreme cases 
discussed above. The continuous change in the size of the Ni sp contour is a 
notable point. Figure 5.6 shows the angular distributions &om the Fermi level 
for the same set of films for 60 eV photons. The angular distributions are 
contracted as compared to those firom the previous figure and are closer to the 
r  point. This is so, because, at higher photon energies, a larger cross-section 
of the Brillouin zone is being probed by the same angular acceptance as is 
clearly indicated in Figure 5.4. Again the angular distributions firom the 0.2 
ML film resemble those from pure Cu and those firom the monolayer film 
resemble those fiom the 6  ML film. Near the percolation threshold, the 
transition between the extreme cases is clearly seen. The angular distributions 
for 90 eV photons are shown in Figure 5.7. The same observations as above 
are generally true. The 0.2 ML angular distributions do not resemble those 
fiom pure Cu as well. They appear somewhat in between. By 0.6 ML, the d- 
band emissions are strong and begin to look like thick Ni already. There is a 
possible reason for this. There is a strong photon energy dependence to the 
photoemission matrix element. At lower photon energies of -40 eV, the sp- 
bands and d-bands have about the same photoemission cross-sections. For 
higher energy photons -100 eV, the d-band cross-sections are an order of 
magnitude larger. Since Ni mainly possesses d-electrons at Ep and Cu







0.6 ML Ni 1.2 ML Ni
Near the percolation 
threshold
Two dimensional layer
3.6 ML Ni 6  ML Ni
Paramagnetic film Ferromagnetic film
Figure 5.6: Evolution of the Fermi for hv=60 eV as a function of Ni thickness. 
The sp-band crossings are clearly shrunk towards the zone center. This because 
at higher photon energies, one has zoomed back and viewing a larger cross- 
sectional slice of the Brillouin zone.
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hv=90eV





Near the percolation 
threshold
1.2 ML Ni 
Two dimensional layer
3.6 Ni 6  ML Ni
Paramagnetic film Ferromagnetic film
Figure 5.7: Evolution of the Fermi surface for hv=90 eV as a function of Ni 
thickness.
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possesses solely s-electrons at Ep, the Ni d-features are strongly seen for even 
low coverages. But the continuous change is still clearly seen.
Such a gradual and continuous change in band dispersions from pure 
Cu to the thick Ni film could be an indication of some charge transfer[38,39] 
occuring at the film/substrate interface as more and more Ni is added. At this 
point, it is a speculation, but if  one can quantify the the qualitative 
observations made so far, perhaps a stronger case may be made for the above 
assertion.
So, a study of the evolution of specific features of the electronic 
structure as a function of film thickness is required in order to quantify the 
observations. If a closer inspection of the data in Figure 5.5 is made, it is 
unmistakable to note that the sp-band shrinks in size as the Ni coverage 
increases. To aid the reader, the images of Figure 5.5 are reproduced in Hgure 
5.8, with a white circle indicating the sp-band dispersion, as a guide to the eye. 
The radius of the circle measures directly the sp-band dimension or sp-band 
crossing the Fermi level along the FX direction. This clearly decreases as 
more and more Ni is added. The extracted sp-band crossings are plotted as a 
function of Ni coverage in Figure 5.9. The dashed line is the sp-band crossing 
observed in bulk Cu along the TX direction. The solid line is the same for bulk 
Ni. An important point needs to be mentioned here. The sp-band dispersion is 
highly anisotropic in Ni. This is evident firom the calculated Fermi surface 
contours in Figure 5.4. As one moves away firom the FX direction the sp-band







0.6 ML Ni 1.2 ML Ni
Near the percolation 
threshold
Two dimensional layer
3.6 ML Ni 6  ML Ni
Paramagnetic film Ferromagnetic film
Figure 5.8: Images from Figure 5.5 with the sp-band highlighted. This enables 
one to measure the sp-band dimension as afunction of film thickness. The radii 
of the circles are the sp-band dimensions in the FX direction. It is clear that the 
sp-band shrinks in size as more is deposited.















Figure 5-9: The sp-band dimension as a function of Ni coverage. The solid line 
shows the theoretical value for bulk Cu and the dashed line shows that for bulk 
Ni. The continuous development is clear. Furthermore, by monolayer coverages, 
the bulk value is nearly attained.
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changes in size sharply. The free electron final state sphere corresponding to 
45 eV photons that intersects the zone near the center at the middle, does not 
pass through the X point near the zone edge. It falls below the X point, as is 
seen from Figure 5.4. If the sp-band has a sharp dispersion near the X point 
(as it indeed has from Figure 5.4), the band crossing measured will be much 
less than the isotropic sp-band of bulk Cu. The value of 0.68TX for bulk Ni at 
45 eV has been obtained with consideration of such an effect Clearly the plot 
shows a continuous change in the sp-band dimension from that of bulk Cu to 
that of bulk Ni. By 1.2 ML of Ni, the value of bulk Ni is nearly attained.
As per the earlier discussions, this might be an indication of charge 
transfer at the interface from the Cu substrate to the Ni film. If this could be 
measured in some way, such an exchange of charge presents evidence for 
hybridization or mixing of the substrate and film electronic states to occur at 
the interface, thereby resulting in the film electronic states extending into the 
substrate. This would then explain the observation of bulk-like dispersions in 
a monolayer of Ni/Cu(001).
Precisely such a measurement is possible if one looks at the reverse 
system of Cu/Ni(001). By observing the dispersions of thin films of Cu on a 
bulk Ni substrate, it is possible to compare the band filling of the Cu film with 
those of bulk Cu and ascertain a value for the charge transfer. This is 
presented in the following section.
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5.3 Dispersion In Cu/N!(001)
The reverse system of Cu/Ni(001) provides additional clues into the 
nature of charge transfer. Figure 5.10 shows images of the angular 
distributions firom the Fermi level of bulk Ni(001) and images obtained for 
several coverages o f Cu/Ni(001) using 45 eV photons. The sp-band, which 
produces the circular arc on the right side of the images, can be seen to 
increase in diameter with increasing Cu thickness. The left-right asymmetry in 
the images are due to polarization selection rules as has been extensively 
described in the previous section. The thick Cu film shows angular 
distributions which closely resemble those firom bulk Cu(001). Figure 5.11 
shows the same data as Figure 5.10, but with a white circle indicating the sp- 
band feature clearly. The white circle serves as a guide to the eye. The sp- 
band dimension increases to the bulk value of Cu in a continuous fashion as 
the Cu coverage increases. The sp-band dimensions have been extracted firom 
several Cu thicknesses and are plotted as a function of Cu coverage in Figure 
5.12. For Cu coverages below ~4 ML, the sp-band dimension is higher than 
but close to that of bulk Ni. For higher coverages, it quickly approaches that 
of bulk Cu. In particular, for the 1.2 ML Cu film, the sp-band is about 13% 
lower in size than that of bulk Cu.
To ascertain a numerical value for a charge transfer in terms o f band 
depletion, one must compare these dimensions with those firom bulk Cu. The 
sp-band dispersions for a bulk Cu(001) single crystal are shown as a function
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hv=45 eV
BulkNiCOOl) 1.3 ML Cu/Ni
3.5MLCu/Ni 15MLCu/Ni
Figure 5.10: Angular distributions from Ep of bulk Ni(001) and three different 
Cu coverages. The sp-band dimension clearly increases in size with increasing 
Cu coverage. The thick Cu film image resembles that of bulk Cu very much.
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hv=45 eV
BulkNi(OOI) 1.3 ML Cu/Ni
3.5 ML Cu/Ni 15 ML Cu/Ni
Figure 5.11: Data from Figure 5.10 highlighting the sp-band dimension. The 
circle serves as a  guide to the eye. The sp-band dimension clearly increases with 
increasing Cu coverage.
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Figure 5.12: Plot of the sp-band dimension in the Cu Alms. The continuous 
increase in the sp-band dimension is to be noted.
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of binding energy in Figure 5.13 using 50 eV photons. The arcs that appear on 
the right half o f the images are due to the sp-bands. As one progresses from 
Ep in 0.5 eV steps toward higher binding energies, the arcs decrease in size. 
This observation is just as expected from calculated band structures of Cu. 
Figure 5.14 shows the same data as in Figure 5.13 with an arc drawn over it as 
a guide to the eye. The radii of the arcs are a measure of the sp-band 
dimension o f bulk Cu along the FX direction. The extracted sp-band 
dimension is plotted with binding energy in Figure 5.15 (left axis). The same 
figure shows the integrated density of states (expressed in electrons/atom) as a 
function of binding energy (right axis). This has been taken from a calculation 
by Burdick[40].
Figure 5.15 gives one a prescription to quantify charge transfer, if it 
occurs. For example, from Figure 5.12, it was found that in films 1.2 ML or 
less, the Cu has an sp-band contracted towards the F point by at least 13% 
compared with bulk Cu. From Figure 5.15 (left axis), this corresponds to a 
band depletion of -0.55 eV. From the integrated density of states plot (Figure 
5.15 right axis), this implies a charge transfer of ~0.12 electrons per atom from 
Cu to Ni.
A further interesting observation may be made. The band depletion of 
-0.55 eV implies a reduced band filling of the Cu film states. This would 
mean that if the bands are offset by that amount, the energy levels of the 
shallow core electron states in Cu should shift towards lower binding energy.
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hv=50 eV
E.-0.5 eV Ep-1.0eV E.-1.5 eV
Figure 5.13: sp-band dispersion in pure Cu(OOI) as a function of binding energy. 
The arcs are the sp-band crossings. They diminish with increasing binding energy 
as expected.




Figure 5.14: Data from Figure 5.13 highlighting the sp-band. The dimension of 
these arcs are plotted as a function of binding energy in Figure 5.15.

















Figure 5.15: sp-band dispersions as a fraction of the FX distance from Figure 
5.14. This is shown plotted on the left axis. The integrated density of states of 
bulk Cu is plotted on the right axis. This is taken from Burdick’s calculation.
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This will happen because the Ni substrate and the Cu film are in electrical 
contact and their Fermi levels will align. So, core level spectra across the Ni 
and Cu 3p levels must show the Cu peak appearing at lower binding energies 
for the monolayer films and the Ni peaks should remain relatively unchanged. 
This is to be expected since Ni has a  very high densi^ of states at Ep and a 
small increase in band filling does not perceptibly alter the band crossings. 
Cu, on the other hand, has a low density of states at Ep and exhibits a 
significant change in band filling.
Figure S. 16 shows core level spectra across the 3p edges of Ni and Cu 
for several Cu coverages using 165 eV photons. While the Ni 3p binding 
energy remains constant for all coverages, the Cu peak shifts from lower 
binding energy at low coverages to higher binding energy at higher coverages. 
The transition is unmistakable. Moreover the core level shift is continuous 
above monolayer coverages. The energy shift between the peak position for 
the 1.3 ML film and that of the thick Cu film is measured to be -0.5 eV. This 
is the same shift observed in the earlier analysis using Figure 5.15.
5.4 Implications of charge transfer at the Ni-Cu 
interface
Such a charge transfer at the film/substrate yields a mechanism for 
interface hybridization between the film and substrate electronic states[38,39]. 
Through such a mechanism, the film electronic states may extend into the bulk
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Figure 5.16: Core level photoemission spectra across the 3p levels of Ni and Cu 
for several coverages of Cu/Ni(001). There is no perceptible shift in the position 
of the Ni 3p peak. The Cu peak position however shows a distinct shift towards 
higher binding energy by -0.5 eV beyond 1.3 ML coverage.
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substrate. This way, the film can exhibit bulk-like electronic structure, as is 
observed in the case of Ni/Cu(001).
Consider the interface between the Ni film and the Cu substrate. Ni 
and Cu, as seen earlier, differ in band filling. As a result, they suffer a band 
mismatch of ~2 eV between them. This mismatch in energy can be modeled 
simply by a rectangular barrier of -  2eV[41], yields a penetration depth of less 
than an angstrom for the electron wave functions. Now, if there were to be a 
charge transfer between the film and the substrate, it would result in 
diminishing the barrier and thus enable a larger penetration of the electronic 
states. Of course, this will still depend on the spatial extent of the film and 
substrate wavefunctions. Ni, has predominantly d electrons at the Fermi level. 
These are localized states, i.e. the spatial extent of their wavefunctions is less 
than the interatomic spacing. Furthermore, the interaction of d electrons are 
strongly screened by the sp electrons. It does, however, have a finite sp-band 
crossing at Ep. These s electrons, on the other hand, have extended 
wavefunctions and can reach well beyond nearest neighbor distances. Cu, 
which also has s electrons at Ep, lends itself perfectly to just such an 
interaction. An overlap of the sp electrons of Cu with the hybrid sp-dgz 
electrons in Ni would result in a transfer of charge. Presumably, the charge 
transfer is not complete, but resides at the film/substrate interface.
A tight binding study of the electronic structure of a Ni monolayer on 
Cu(OOl) illustrates the importance of hybridization effects at the interface[42].
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Little difference was found between the dispersion of electronic states for the 
bulk Ni(OOl) surface layer and the one monolayer film of Ni/Cu(001). 
Depolarization of the Ni d band was found to occur by hybridization with the 
Cu sp band while the Cu 3d band was relatively unimportant.
This observation of hybridization of like 3d transition metals is not 
limited to this single system: even thin films o f Co grown on Cu(001) exhibit 
similar behavior. This may be attributed to the similar electronic structures of 
the 3d fee pseudomorphs, differing primarily in band-filling. Recent 
calculations on Co/Cu superlattices show that there is a strong hybridization 
between the Co d bands and the Cu sp bands[43]. Co, however, has a lower 
band filling compared to Ni, so that the sp-dgz band in Co lies above Ep- Thus 
the mechanism for hybridization in Co/Cu involves the Co d bands and the Cu 
sp bands. The higher band filling in Ni results in the Ni sp-d%2 hybrid band 
being partially filled at Ep, facilitating hybridization with the Cu sp band.
The hybridization of the Ni d  band with the Cu sp band plays a crucial 
role in determining the nature of the electronic structure of these films and 
yields a mechanism for the film to interact with the substrate crystal field. 
Through this interaction, a two-dimensional array of Ni atoms develops the 
characteristics of a bulk electronic structure giving rise to a complete three- 
dimensional Fermi surface. The strength of this interaction will determine the 
degree of bulk-like or two-dimensional electronic behavior in other thin film 
systems.
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Spin-polarized bands
So far, we have investigated the spin integrated band structures of thin 
film magnetic systems. This has provided an understanding of the physics at 
the interfaces and how they affect the electron energy bands. The next step is 
to probe the magnetic behavior of these systems. This can be achieved by 
studying the spin-polarized band structures.
In order to study the spin-polarized band structure, one needs to be able 
to measure the photoelectron's spin orientation in addition to its energy and 
momentum, i.e. determine if the emitted photoelectron originated firom a 
majority or minority band. The conventional and direct way is to use a spin 
detector which uses spin-orbit or Mott scattering to separately detect spin-up
91
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and spin down electrons[44]. This method, although, direct is difGcult because 
of the extremely low count rates. In comparison with a ^ i c a l  spin-integrated 
measurement, a spin-resolved measurement deals with count rates that are 
about three to four orders of magnitude lower. New techniques have been 
developed in the last few years which probe the spin-dependent band structure 
in magnetic systems. Two of them are Magnetic Linear Dichroism (MLD) and 
Magnetic Circular Dichroism (MCD). These techniques are powerful 
magnetometric tools, because, by studying the core levels of magnetic systems, 
one can combine magnetic sensitivi^ with element specificity[30, 45, 46]. 
However these may also be used to investigate the valence bands of magnetic 
systems. This is the focus of my work.
The first section of this chapter will be devoted to a theoretical 
description of magnetic dichroism, the second section will deal with the MLD 
experimental geometry and preliminary results from the MLD experiment on 
Co/Cu(001) and the third section will be devoted to the MCD experimental 
geometry and preliminary results from the MCD experiment on Fe/Cu(001).
6.1 Magnetic dichroism
Magnetic dichroism is a magneto-optical effect that arises due to the 
complex interplay between the spin-orbit coupling and exchange interaction in 
ferromagnetic systems. It is the asymmetry that is observed in the 
photoemission or absorption yields, using linearly or cicularly polarized 
radiation, under a reversal of the magnetization vector of the sample, in a chiral
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incidence geometry. This phenomenon arises due to the bire&ingent behavior 
of ferromagnetic materials, i.e. because of the anisotropic and tensorial nature 
of their dielectric constants (and therefore their electrical conductivity)[47]. 
This leads to a difference in the power absorbed, thus resulting in the 
phenomenon of dichroism.
The origin of these magneto-optical effects at a  macroscopic level may 
be understood by solving Maxwell's equations for electromagnetic radiation 
incident at the vacuum/ferromagnet interface for oblique incidence[47]. The 
important difference in dealing with the ferromagnet is that the dielectric 
constant, or equivalently, the conductivi^, is a tensor and not a scalar. This is 
because the current along a particular direction depends on the field not only in 
that direction, but also in directions perpendicular to it. Moreover, the tensor 
has ofi^diagonal components that arise due to the interaction of the exchange 
interaction and spin-orbit coupling. The tensor may be written as follows;
K =
Ki K2 0
-K2 K i 0
0 0 K3
(6.1)
where Ki, K2  and K3 are all in general complex. The off-diagonal term K2  is 
responsible for these magneto-optical effects. It arises due to the 
interdependent effects of exchange and spin-orbit interactions. Solving 
Maxwell's equations at the interface, it can be seen that the transmitted part of 
the radiation, which determines the absorbed power, does not propagate in the
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ferromagnet in a transverse manner. This implies that the direction of 
propagation of the wave inside the magnetic material is not perpendicular to its 
wavefronts, and the degree o f deviation depends strongly on the magnitude of 
<2 . Reversing the magnetization of the sample amounts to setting K2  to -<2 - 
This causes the asymmetry in the power absorbed, on reversing the 
magnetization.
One can also assess the reasons for the origin o f these effects 
qualitatively by use of symmetry arguments. This is illustrated by an example 
using plane polarized radiation using the equatorial Kerr effect geometry. 
Figure 6.1(a) shows the typical experimental geometry. The magnetization 
vector is in the plane of the sample, while the plane of polarization of light, 
which is also the incidence plane is perpendicular to it. A% and Ay are the 
components of the photon A vector. Reflecting about the vertical mirror plane 
should yield an equivalent geometry as the one depicted in Figure 6.1(a). The 
reflected geometry is shown in Figure 6.1(b). Note that the magnetization 
points down here. This is because, magnetization is an axial vector, i.e. a 
vector that arises as a cross product of two polar vectors. It is best thought of 
as being due to spin angular momentum, which like the orbital angular 
momentum is composed of r  x  p. Thus on refelection about the vertical mirror 
plane, it points down as shown in Figure 6.1(b). The component A% stays the 
same, while Ay is reversed, in the usual sense. Thus the reflected geometry 
has the magnetization reversed as well as the light incident from the right
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Minor plane
Figure 6.1: Cartoon illustrating magnetic dichroism. In (a), the magnetization 
vector is pointing up and the light is incident from the left On reflection about 
the mirror plane, the magnetization flips and so does the light, as shown in (b). It 
is now incident from the right. This illustrates that these two are identical geom­
etries. Flipping only M as in the experiment will hence not give an identical 
geometry.
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instead of from the le ft These two geometries are identical and will not show 
any dispari^ in the absorbed power. However, if only the magnetization is 
reversed, and the light incidence direction is maintained from the left, as is 
done in the experiment there is no reason to expect equal absorption. As a 
matter of fact, there is a disparity in the absorbed power and this is called 
dichroism. The illustrated geometry is not the only geometry that is amenable 
to the observation of this effect Of the several geometries, only two of them 
have been used in these measurements and will be described shortly.
The automatic question is how is dichroism related to spin- 
polarization? This lies in the elements of the conductivity tensor, which 
contain the details o f the spin-dependent band structure. Thus, designing a 
suitable experiment to observe MLD, one is actually probing the spin-orbit 
coupling in the spin-polarized bands in the solid[48-51].
6.2 Magnetic Linear Dichroism (MLD)
The geometry used here is that of the equatorial (transverse) Kerr 
effect, as illustrated in Figure 6.2. The incident angle of light is 45°. The 
dichroism is obtained simply by magnetization reversal. The EMA is capable 
of imaging the electron emissions within an acceptance angle of 64°, as seen 
before. This enables one to probe the electronic states in large volumes of the 
Brillouin zone and hence obtain MLD angular distributions (MLDAD) in a 
momentum-specific way. By being able to choose the binding energy of the 
initial states, the measurement can be performed in a band-specific way. This








Plane of incidence is 
Plane of polarization
Figure 6 ^ : Transverse (equatorial) Kerr effect geometry for M(TD. The incom­
ing radiation is circularly polarized.
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is what has been attempted here. The measurements presented here are 
preliminary and illustrate the power of the technique in successfully probing 
the spin-polarized states.
Figure 6.3(a) presents valence band spectra firom 8 ML Co/Cu(001) 
using 21 eV photons, which probes initial states near the zone edge in the fee 
Brillouin zone. The solid curve is the EDC for the up' magnetization and the 
dashed curve is for down' magnetization. The di^erence between the two 
curves is clearly seen. The difference signal as a firaction of the average is 
plotted below in Figure 6.3(b). The maximum value of the dichroic signal is 
-12% at a binding energy of 0.5 eV.
Figure 6.4(a) shows an image of the angular distributions firom 0.5 eV 
below Ep for the up' magnetization. The bright 'X' feature is emission firom 
the dxy initial state. Figure 6.4(b) shows the same for the down' 
magnetization. The image in Figure 6.4(a) shows strong intensities in the 
center. These emissions are firom near the X point, the zone edge. Figure 
6.4(b) shows weaker intensities at the center o f the image, but stronger 
emissions near the edges of the image along the (11) azimuths. The difference 
between the two images in Figure 6.4 (a) and (b) is the dichroic signal or the 
MLD AD. This is shown in Figure 6.4(c). The darker regions correspond to 
negative intensities and the lighter regions correspond to positive intensities. 
The bright regions in the center of the image reflect the strong emissions firom 
the 'up' image and the darker regions at the edges of the image reflect the
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Figure 6.3; MLD data from 8  ML Co/Cu(001). (a) Valence band spectra using 
21 eV photons. The solid line represents the spectrum with ‘up’ magnetization 
and the dashed line is with down’ magnetization. The asymmetry between the 
two spectra is clearly seen. The difference expressed as a fraction o f the average 
is indicated above in (b). A maximum dichroism of 12%is observed at 0.5 eV 
below Ep.








Figure 6.4: MLD images at Ep-0.5 e V. (a) The angular distributions from the 
‘up’ magnetization, (b) The same for the ‘down’ magnetization, (c) MLDAD. 
The difference between the +M and the M images.
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strong emissions from the 'down' image. The MLDAD shows a striking two­
fold symmetry. This distinct two-fold symmetry observed in the MLDAD are 
consistent with theoretical predictions based on a single localized emitting 
shell[52, 53]. These calculations are particularly applicable to the d-bands in 
solids, because of their relatively flat dispersions. Now, if  one selects different 
initial states, one would expect to observe a change in the MLDAD, if it were 
probing the spin-orbit splitting in the energy bands. Figure 6.5 (a), (b) and (c) 
show the same from 0.7 eV below Ep. Figure 6.5(a) shows the angular 
distributions for the 'up' magnetization, (b) for the down' magnetization and (c) 
the MLDAD. The change in the patterns are striking. The up' image shows 
astrong emissions along the ( 1 1 ) azimuth near the edges of the image, while 
the 'down' image shows strong emissions along the (iT) azimuth. The
MLDAD reflects this clearly. Thus for emission firom the same band, the dxy 
orbital, the dramatic changes in the MLDAD reflect the sensitivity to changes 
in the spin-orbit coupling strengths in different parts of the Brillouin zone.
6.3 Magnetic Circular Dichroism
This effect is similar to the MLD effect, but uses circularly polarized 
light instead. These measurements were performed on a  2 ML film of Fe on 
Cu(001). Below -  4 ML, it magnetizes out of plane and above this coverage, it 
magnetizes in-plane. Thus for a 2 ML film, the experimental geometry that 
was chosen was the polar Kerr effect geometry. This is shown in Figure 6 .6 . 
Here, the magnetization vector points perpendicular to the plane of the film.




Figure 6.5: MLD images at Ep-0.7 eV. (a) The angular distributions from the 
‘up’ magnetization, (b) The same for the ‘down’ magnetization, (c) MLDAD. 
The difference between the +M and the -M images.








Figure 6 .6 : Polar Kerr effect geometry for MCD on 2 ML Fe/Cu(001). The 
incoming radiation is circularly polarized. The dichroism is obtained by helicity 
reversal.
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The light is incident at 45° to the sample normal in the plane containing the 
[100] direction. The dichroism was observed simply by reversing the helici^ 
of the incident radiation. MCD, like MLD, requires spin-orbit and exchange 
interactions to be present to be observed. It is sensitive to the spin character of 
the initial states, i.e. the modulations in the MCD intensities are correlated 
directly to the whether the initial states are spin-up or spin-down. Preliminary 
results show a large MCD signal from the valence bands of 2 ML Fe/Cu(001) 
using 21 eV photons. This is shown in Figure 6.7. A 17% MCD effect is seen 
at -0.5 eV below Ep in the Fe 3d bands. The Cu 3d bands, which are also seen 
clearly, do not show any dichroism. The observation o f such a large signal is 
indeed promising. This can be used to determine the nature of the electron 
energy bands in other thin film and alloy systems. This could be easily done 
by imaging the MCD angular distributions at different binding energies and 
ascertaining the spin-polarization in the band structure o f new systems that are 
of technological importance.
The preliminary results from the MCD and MLD measurements have 
been successful in demonstrating that these techniques will be useful in 
probing the effects of the spin-orbit and exchange interactions in magnetic 
systems. Clearly more work needs to be done to extract quantitative measures 
from these experiments. Nevertheless, these techniques show tremendous 
promise and the future directions regarding these techniques are elaborated in 
the next chapter.
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Figure 6.7: Valence band MCD spectra firom F^Cu(001). The difference be­
tween the curves for the two helicities, which is the MCD, is expressed as a 
fraction of the average is shown above.
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Future Work
The field of magnetic thin films is being driven primarily by the 
technological applicability of these systems in the data storage industry. The 
data storage industry is truly peaking now. The emphasis on larger areal 
densities has never been greater, with the current technologies nearing 
densities of -10 Gbits/in^. Areal densities are increasing at an amazing 25% 
per year. Magneto-resistive heads have been at the heart of the computer since 
they were introduced 20 years back. Now the industry is heading towards 
Giant Magneto-resistive heads. They are due to hit the market by the year end. 
Novel devices like spin valves are being investigated for read/write heads. 
Non-volatile memories like MRAM*s are also being considered. The activity
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is truly hectic. As a result, the research takes on an applied aspect, with the 
emphasis being on larger sensitivities, larger densities, better devices and 
manufacturing ease and robustness, rather than, an attempt to understand the 
physics of the underlying phenomena themselves. This turn in the attitude 
towards science is not necessarily unhealthy, as it just serves as an indicator 
that these are times where technology is way ahead of what fundamental 
science has to offer. It has been predicted that technological limits will be 
reached by the year 2005 and at that time the attitude is bound to turn around 
resulting in a great demand for scientists to open new avenues. Till then, 
science will just have to go through such a phase. This oscillation is not 
something that is new, but is a time tested fact. It was observed when the 
semiconductor industry reached its zenith and is being seen now with the disk­
drive industry.
Some o f  the techniques and tools of surface science that have been used 
here can be o f great service to people in the industry. In this chapter, I will 
attempt to outline some of the work I will be involved in, in the future.
7.1 Spin tunnel junctions
Figure 7.1 shows a ^ i c a l  spin tunnel junction. It consists of two 
ferromagnetic materials separated by a thin layer ( ~ 8  angstroms or so) of 
insulating material. One of the ferromagnetic layers has its moment pinned by 
the presence o f an antiferromagnetic layer. This will cause this layer to have a 
large flipping field. The other ferromagnetic layer, being unpinned, is free to
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Figure 7.1: Typical spin-tunnel junction. The AFM layer serves to pin one of the 
FM layers. The other FM layer is free to flip. The FM’s are separated by an 
insulator, across which tunneling is desired, (a) Low resistance state, (b) High 
resistance state.
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flip its moment. In Figure 7.1(a), the two ferromagnetic layers have their 
moments aligned parallel to each other. This is the low resistance state for 
tunneling across the barrier. The antiparallel configuration, as shown in Figure 
7.1(b), is a low resistance state for tunneling across the barrier. The reason for 
this is that, in the first case, there are a lot more unoccupied states for 
accomodating electrons that tuimel across. In the second case, the number of 
available states is not as abundant. This is illustrated in the cartoon of the 
density of states in Figure 7.2.
One of the main issues concerning the performance of devices such as 
the one shown above is achieving as large AR/R as possible. This helps to 
increase the sensitivity of the device. This may be done by appropriate choice 
of the ferromagnetic layer. The tunneling current across the barrier. I, depends 
on the electron energy, E, the barrier height, U, and the effective mass of the 
electron at the Fermi level, m*. This may be expressed as
x ) (7.1)
One way to enhance the tuimeling current is by reducing m*. This implies 
choosing materials that have reduced effective masses or larger values of
[d^E(k)/dk^]i(=i( .̂ Of course, this will mean lower density of states and so a 
compromise needs to be made.
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Figure 7.2: Energy bands in a spin valve structure. The low resistance state is 
shown in (a) and the high resistance state is shown in (b).
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Permalloy, or Feo.sNio^, is widely used as a sensor in magnetic disk 
drives. Currently, they are also being tried as the ferromegnetic layer in spin- 
valve and spin-tunneling devices. As seen above, it is important to know the 
band dispersions at Ep of these alloys for effective tunneling currents. Figure 
7.3 shows valence band EDO's from the pure Cu and two Fe/Ni alloy films 
using 90 eV photons. The lowest spectrum is for clean Cu. The one above 
± a t is for 60% Fe, and the top most one is for 80% Fe. As the Fe composition 
increases, the band broadens significantly. Fermi surface images on the alloy 
films are presented in Figure 7.4. These are shown for clean Cu and the two 
alloy films for three photon energies. The Fermi surface is seen evolving as 
the Fe composition increases. The angular distributions are, however, quite 
diffuse, probably due to disorder. These are preliminary data and further 
measurements need to be made to ascertain the band dispersions to be able to 
extract m*. So, these band dispersions, which can be easily measured, may 
provide data that is useful in understanding the device characteristics.
Another way to improve device sensitivity to spin-orientation of the 
films is to select materials that have half filled bands of one spin type and 
completely filled bands of the other type. Such materials are called half­
metals. Figure 7.5 shows a cartoon of the bands of a typical half-metal. 
Clearly, in the example, the spin-up tunneling is a very low resistance state 
compared to the spin-down tunneling, which is an extremely high resistance 
state. This would provide a high AR/R ratio, enhancing device performances
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Figure 7.3: Valence band EDC’s from Fe^Ni  ̂^̂ alloy films. The band broadening 
is evident as the Fe composition increases.
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hv: 45 eV 60 eV
Figure 7.4: Fenni surface images &om pure Ni and the two alloy films. The 
poor quality of the angular distributions is probably due to disorder in the films. 
But gross features of the band structure are still visible.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
114










Figure 7.5: Energy levels in a spin valve using a half-metallic, (a) high resistance 
and (b) low resistance.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
115
tremendously. These materials may be investigated for their degree of 
polarization by either spin-resolved photoemission or MCD.
Thus surface science techniques may be used in these ways to 
characterize the band dispersions to engineer materials for suitable device 
applications.
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Summary
The study of interfaces between magnetic materials and noble metals is 
not only of fundamental interest but is also of technological importance due to 
the advent of new and exotic phenomena like spin dependent scattering which 
form the basis for novel devices like spin valves for data storage applications. 
The performance of devices that rely on such phenomena depend crucially on 
the nature of the interface and its effect on the electronic states in these 
heterostructures. With this motivation, I have proceeded to investigate these 
effects in a simple prototypical system - the interface between Ni and Cu.
One of the most direct ways to probe electronic structure is using 
angle-resolved photoemission. My results show that even a monolayer film of
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Ni/Cu(001) exhibits bulk-like electronic structure and resembles that o f bulk 
Ni. In order to better understand this result, I tracked the sp-band dimension at 
the Fermi surface of the Ni films for various coverages. For submonolayer 
coverages of Ni, the sp-band dimension was smaller than that of bulk Cu, but 
quickly reached that of bulk Ni by 1.2 ML Ni coverage. This continuous 
decrease implies a charge transfer from the Cu substrate to the Ni film, 
resulting in a decrease in the filling of the Cu sp-band. This transfer of 
electronic charge could provide a mechanism for hybridization at the Cu/Ni 
interface and result in a larger penetration of the film electronic states into the 
substrate.
To quantify the charge transfer, the reverse system of Cu/Ni(001) was 
studied. Again the sp-band dimension for 45 eV photons was studied as a 
function of Cu thickness. The change in the sp-band dimension was related to 
reduced filling in the sp-band of bulk Cu. This corresponded to a reduction of 
-0.5 eV in the band-filling of bulk Cu. From the integrated density of states, 
this was identified to be a charge depletion of - 0 . 1 2  electrons/atom for the 
monolayer film. This shift was observed in core level spectra across the 3p 
levels, corroborating the assumption.
Furthermore, preliminary results firom magnetic dichroism showed its 
promise in providing additional information for understanding the spin- 
dependent band structures in these materials. Future experiments to 
investigate alloys and half-metallics for device applications have been defined.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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